The 90-kDa heat shock protein (Hsp90) is the most abundant molecular chaperone of eukaryotic cells. Its chaperone function in folding nascent proteins seems to be restricted to a subset of proteins including major components of signal transduction pathways (eg, nuclear hormone receptors, transcription factors, and protein kinases). Improper function of these proteins can be induced by selective disruption of their complexes with Hsp90 using the benzoquinonoid ansamycin geldanamycin. In this study, we demonstrate that geldanamycin treatment blocks interleukin (IL)-2 secretion, IL-2 receptor expression, and proliferation of stimulated T-lymphocytes. Moreover, geldanamycin decreases the amount and phosphorylation of Lck and Raf-1 kinases and prevents activation of the extracellular signal regulated kinase (ERK)-2 kinase. Geldanamycin also disrupts the T-cell receptor-mediated activation of nuclear factor of activated T-cells (NF-AT). Treatment with geldanamycin, however, does not affect the activation of lysophosphatide acyltransferase, which is a plasma membrane enzyme coupled to the T-cell receptor after T-cell stimulation. Through demonstrating the selective inhibition of kinase-related T-lymphocyte responses by geldanamycin, our results emphasize the substantial role of Hsp90-kinase complexes in T-cell activation.
INTRODUCTION
Activation of T-1 lymphocytes results in the tyrosine phosphorylation of numerous CD3 immunoreceptor tyrosine-based activation motifs and a consequent recruitment and phosphorylation of downstream substrates, adaptor proteins, and protein kinases. During the initial phase of this process, the Src family protein tyrosine kinases, Lck and Fyn, are critical for T-cell receptor (TCR) signaling. Consequent activation of Raf-1, a serine-threonine kinase of the mitogen activated protein (MAP) kinase cascade, leads to the activation of c-Fos and JunB and, finally, to interleukin (IL)-2 receptor expression, IL-2 secretion, and cell proliferation. As an alternative signaling pathway, elevation of the intracellular calcium level leads to the activation of calcineurin and the translocation of nuclear factor of activated T-cells (NF-AT) to the cell nucleus. Binding of NF-AT also triggers IL-2 secretion and promotes cell proliferation (Szamel and Resch 1995; Cantrell 1996; Qian and Weiss 1997) .
Molecular chaperones assist in the folding and unfolding of proteins during their transport, assembly, and degradation (Hartl 1996) , and they probably played a major role in the development of modern enzymes (Csermely 1997) . Chaperones are necessary to refold proteins after most types of cell stress. Hsp60-and Hsp90-based chaperone machineries mediate the folding of some de novo synthesized proteins in the cytoplasm (Hartl 1996; Johnson and Craig 1997; Csermely et al 1998) . The 90-kDa heat shock protein (Hsp90) and its cochaperones are necessary to achieve the signal-competent conformation of many key elements of T-cell signaling, such as Lck, Fyn, and Raf-1 kinases (Hartmann et al 1997; Pratt 1997; Csermely et al 1998) .
Geldanamycin, which is a benzoquinonoid ansamycin analogue of herbimycin A, was originally developed as a tyrosine kinase inhibitor but was later shown to bind specifically to the noncanonic N-terminal ATP/ADP-binding site of Hsp90 homologues (Whitesell et al 1994; Prodromou et al 1997; Stebbins et al 1997; Roe et al 1999) . Geldanamycin does not inhibit purified tyrosine kinases, but it does induce degradation of both tyrosine and serine/ threonine kinases by the proteasome in vivo (Uehara et al 1986; Whitesell et al 1994; Pratt 1997; Csermely et al 1998; Ochel et al 1999; Sakagami et al 1999) . Thus, its ''kinase inhibition'' is mediated by the premature disruption of Hsp90-kinase complexes. A direct interaction between geldanamycin and some targets of Hsp90 has been proposed after demonstration of its competition with some folding intermediates (Young et al 1997) .
Evidence is increasing that geldanamycin is currently one of the most effective tools to investigate the role of Hsp90 in various in vivo cellular processes. In our work, we have analyzed the effect of geldanamycin on key elements of T-cell signaling, such as cell proliferation, IL-2 receptor expression, IL-2 secretion, tyrosine and serine/ threonine kinase activation, IL-2 gene activation, and activation of lysophosphatide acyltransferase. Our results indicate that Hsp90 is selectively involved in most of the kinase-mediated signaling steps of T-cell activation.
MATERIALS AND METHODS

Antibodies and reagents
The OKT3 immunoglobulin (Ig) G2a mouse monoclonal antibody raised against the TCR ⑀ chain was provided by Ortho Pharmaceutical (Raritan, NJ, USA). The BW 828 IgG2a mouse monoclonal antibody was from Behring (Marburg, Germany). For flow cytometric analysis of IL-2 receptor, R-phycoerythrin-conjugated antihuman CD25 mAb (mouse IgG1; PharMingen, San Diego, CA, USA) was used. Anti-Raf-1, anti-Lck rabbit polyclonal antibodies, goat antirabbit, and antimouse IgG-horseradish peroxidase conjugates were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Recombinant antiphosphotyrosine antibody coupled to horseradish peroxidase was purchased from Transduction Laboratories (Lexington, KY, USA). Protein A-Sepharose was from Pharmacia Biotech (Uppsala, Sweden). Recombinant, inactive ERK-2 was from New England Biolabs (Schwalbach/Taunus, Germany). The geldanamycin used was a more than 95 %-pure product of GIBCO-BRL (Gaithersburg, MD, USA) as judged by high-pressure liquid chromatography. 14 C]-Palmitoyl-sn-glycero-3-phosphocholine (50 mCi/mmol) was from New England Nuclear (Bad Homburg, Germany). The human IL-2 enzyme-linked immunosorbent assay (ELISA) kit was purchased from Genzyme (West Melling, UK). All other chemicals used were from Sigma Chemicals (St. Louis, MO, USA).
Cell culture, preparation, and stimulation of lymphocytes
The human Jurkat T-cell leukemia subline J32 was provided by M. Kamoun (Department of Pathology and Laboratory Medicine, Philadelphia, PA, USA). Human peripheral blood lymphocytes were isolated by Ficoll gradient centrifugation of heparinized buffy coat and depleted for contaminating, nonadherent mononuclear cells by plastic adherence overnight at 37ЊC as described elsewhere (Szamel et al 1997) . J32 and peripheral blood cells were cultured in RPMI 1640 medium (Bio-Whittaker, Verviers, Belgium) supplemented with 10% heat-inactivated fetal calf serum, penicillin (100 U/mL), streptomycin (100 g/mL), and L-glutamine (2 mM).
To induce lymphocyte activation, cells (2 ϫ 10 6 cells/ mL) were cultured in flat-bottom microtiter plates at 37ЊC in 10% FCS and stimulated with OKT3 mAb (5 g/mL) or phorbol myristate acetate (PMA) (1 ng/mL) and ionomycin (0.5 g/mL) in the presence or absence of geldanamycin (1.78 M) for the indicated periods of time (see legends of Figures). Cell viability was regularly checked by trypan blue exclusion.
Cell-proliferation assay
Both control and stimulated peripheral lymphocytes were cultured in 96-well, flat-bottom microtiter plates at 4 ϫ 10 5 cells per well in 200 L at 37ЊC. After 44 hours, 0.5 Ci of [ 3 H]-thymidine per well was added for an additional 4 hours. Cells were harvested on glass-fiber filters using an automatic harvester, and [ 3 H]-thymidine incorporation was determined by liquid scintillation counting.
Analysis of IL-2 receptor expression
Both control and stimulated peripheral cells (2 ϫ 10 6 cells/mL) were incubated in a flat-bottom microtiter plate at 37ЊC. After 24 hours, lymphocytes were resuspended at 5 ϫ 10 5 cells per 250 L in blocking medium (0.1% bovine serum albumin [BSA] in phosphate-buffered saline [PBS] ) and stained in round-bottom microtiter plates with a saturating amount of R-phycoerythrin-conjugated anti-CD25 mAb for 15 minutes at room temperature in the dark. Cells were then washed 3 times and resuspended in 250 L of blocking buffer. Samples were analyzed using a FACScan flow cytometer (Becton-Dickinson, San Jose, CA, USA), and the gating of lymphocytes was set based on the forward-and side-scattering characteristics of the cells.
Measurement of IL-2 secretion
To determine IL-2 production, peripheral cells (10 6 cells in 500 L) were cultured in flat-bottom microtiter plates at 37ЊC for 24 hours. The supernatants were then collected and the IL-2 concentration measured using the commercial human IL-2 ELISA kit according to the manufacturer's recommendations.
Propidium iodide staining
Peripheral blood lymphocytes (2 ϫ 10 6 cells/mL) were stimulated with OKT3 mAb (5 g/mL) in the presence or absence of geldanamycin (1.78 M) in a flat-bottom microtiter plate at 37ЊC. After 24 hours, lymphocytes were resuspended at 5 ϫ 10 5 cells per 250 L in blocking medium (0.1% BSA in PBS) and stained in round-bottom microtiter plates with propidium iodide at a final concentration of 2.5 g/mL at room temperature in the dark. Samples were analyzed using the FACScan flow cytometer.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting
J32 cells (density, 2 ϫ 10 6 cells/mL) were incubated in RPMI 1640 with 10% heat-inactivated fetal calf serum at 37ЊC in the presence or absence of geldanamycin (1.78 M) for 12 hours. During the last 4 hours of geldanamycin treatment, control and treated cells were serum starved and then stimulated with 5 g/mL OKT3 mAb at 37ЊC for the times indicated (see legend of Fig. 5 ). Cells were then washed with ice-cold PBS and resuspended in lysis buffer (25 mM 7.4 ], 100 mM NaCl, 1% Brij 98, 4 mM ethylenediaminetetraacetic acid, 1 mM 1,4-dithiothreitol, 1 mM sodium vanadate, 10 mM sodium fluoride, 10 mM ␤-glycerophosphate, 1 mM phenyl methyl sulfonyl-flouride (PMSF), 20 M leupeptin, 1 M aprotinin, and 1 M pepstatin A). Cell lysis was performed at 4ЊC for 30 minutes and followed by centrifugation at 14 000 ϫ g for 10 minutes at 4ЊC. Protein concentration of postnuclear supernatants was determined using the method of Bradford (1976) . For analysis of Raf-1, Lck, and ERK-2 mobility shift and degradation, 7.5% and 10% sodium dodecyl sulfate (SDS) gels were used, respectively. Proteins were then electrophoretically transfered to polyvinylidene diflouride (PVDF) membranes using a semidry transfer apparatus. All steps of Western blotting were performed at room temperature. The membranes were blocked for 1 hour with washing buffer (20 mM 7.6 ], 137 mM NaCl, 0.1% Tween 20) containing 5% nonfat dry milk and then probed with primary antibodies diluted in washing buffer for 1 hour. After 3 washes with washing buffer containing 1% nonfat dry milk, horseradish peroxidase-conjugated secondary antibodies were added for 30 minutes. After an additional 4 washes, the protein bands were visualized using the enhanced chemiluminescence detection system. Bands were quantified using an LKB-Pharmacia Ultroscan Laser Densitometer (Pharmacia).
Assay of MAPR kinase (MEK) activity
After geldanamycin treatment of J32 cells as described earlier, equal amounts (5 g) of postnuclear supernatants were incubated with 0.5 g of inactive ERK-2 in kinase buffer (50 mM Tris-HCl [pH, 7.4], 10 mM MgCl 2 , 50 M ATP, and 2 Ci [␥-32 P]ATP) at 30ЊC for 20 minutes. Reactions were terminated by the addition of SDS sample buffer and boiling. Proteins were resolved by electrophoresis on 10% SDS-polyacrylamide gels. Autoradiograms were quantified by laser densitometry.
Reporter gene construction and assay
The constructs containing 3 times the distal NF-AT site (Ϫ284 to Ϫ258) of the IL-2 enhancer [p(NFAT) 3 LUC] and the 5Ј Ϫ326 to ϩ47 nontranslated region of the human IL-2 gene (pIL2LUC) coupled to the reporter gene firefly luciferase were kindly provided by D.A. Cantrell (Imperial Cancer Research Fund, London UK; Williams et al 1995) . Transfection of Jurkat T-cells was made by B. Schraven (Institute of Immunology, Ruprecht Karls University, Heidelberg, Germany). Cellular extracts were made using the Promega lysis mix. Luciferase activity of extracts containing 20 g of protein was determined using the Promega luciferase substrate mix as described by Williams et al (1995) .
Determination of lysophosphatide acyltransferase activity
Cells were disrupted by the nitrogen cavitation method, and plasma membrane vesicles were isolated and measurement of lysophosphatide acyltransferase (EC 2.3.1.23) activity performed as described elsewhere (Szamel et al 1986 (Szamel et al , 1989 (Szamel et al , 1993 . Enzyme activity was calculated from the amount of radioactive phosphatidylcholine formed from 1-[1-14 C]palmitoyl-sn-glycero-3-phosphocholine (50 M) and arachidonoyl coenzyme A (30 M).
RESULTS
Geldanamycin inhibits proliferation of activated T-cells
Stimulation of peripheral T-lymphocytes via the TCR with OKT3 mAb resulted in a marked, 16-fold increase in cell proliferation (Fig 1) . Simultaneous treatment of 6 cells/ mL) were stimulated with the T-cell receptor (TCR) ⑀-specific mAb OKT3 (OKT), and phorbol myristate acetate (PMA) with ionomycin (PMA/iono) at final concentrations of 5 g/mL, 1 ng/ mL, and 0.5 g/mL, respectively, in the presence or absence of 1.78 M GA. After 44 hours of incubation, [
3 H]-thymidine (0.5 Ci per well) was added for 4 hours. Cell harvesting and assessment of [ 3 H]-thymidine incorporation were performed as described in the text. Results are means Ϯ SD of 3 independent experiments performed in triplicate cultures.
cells with geldanamycin decreased the incorporation of [
3 H]-thymidine to the basal level. Addition of the phorbol ester, PMA, and ionomycin induced an even more prominent, 22-fold increase in proliferation, which was also completely abolished by geldanamycin treatment (Fig 1) .
Geldanamycin prevents expression of IL-2 receptors on stimulated T-lymphocytes
T-cell receptor engagement by the OKT3 antibody led to a 7-fold increase in surface expression of IL-2 receptors. PMA and ionomycin treatment resulted in essentially similar changes. Both ways of T-cell activation proved to be geldanamycin sensitive, as revealed by the lack of receptor expression in the presence of the drug (Fig 2) .
Geldanamycin blocks the IL-2 response of activated T cells
OKT3 stimulation of peripheral lymphocytes caused a 13-fold increase in IL-2 secretion. As shown in Figure 3 , geldanamycin reduced this IL-2 response by 84%. Treatment with phorbol ester plus ionomycin led to a supraphysiologic amount of IL-2 secretion. Even in the presence of geldanamycin, very high residual IL-2 levels could be detected; however, the extent of the inhibition by geldanamycin was essentially the same (81%) as that with OKT3 stimulation. Propidium iodide staining followed by flow cytometric analysis indicated a 6.5% decrease in the amount of propidium iodide-negative (ie, living) cells after geldanamycin treatment (Fig 4) , which showed that the geldanamycin-induced inhibition of T-cell responses does not result from the toxic effect of the drug. Similar data were obtained using trypan blue exclusion (data not shown).
Effect of geldanamycin on protein kinases involved in T-cell early activation steps
To elucidate the mechanism of the inhibitory effect exerted by geldanamycin, we analyzed the early signaling events of T-lymphocyte activation. TCR engagement results in tyrosine phosphorylation of CD3 ⑀, ␦, and chains and a consequent recruitment and phosphorylation of downstream substrates, adaptor proteins, and protein kinases (Szamel and Resch 1995; Cantrell 1996; Qian and Weiss 1997) . The Src family protein tyrosine kinases, Lck and Fyn, are critical for initiating TCR signaling. Lck is known to require Hsp90 for its proper folding and function, and the kinase is a target protein of geldanamycin treatment (Pratt 1997; Csermely et al 1998) . Consistent with the previous results of Hartson et al (1996) , a 12-hour pretreatment of J32 cells with geldanamycin significantly decreased the amount of Lck, and geldanamycin pretreatment largely abolished T-cell activation-induced Lck phosphorylation ( Fig 5A) . Similar results were obtained with peripheral blood lymphocytes (data not shown), indicating the resemblance of the mechanism of geldanamycin inhibition in the 2 different systems. Even so, 4-and 12-hour geldanamycin treatment did not induce degradation of the ZAP-70 tyrosine kinase (data not shown). 6 cells/mL) were stimulated with the T-cell receptor (TCR) ⑀-specific mAb OKT3 (OKT), and phorbol myristate acetate (PMA) with ionomycin (PMA/iono) at final concentrations of 5 g/mL, 1 ng/mL, and 0.5 g/mL, respectively, in the presence or absence of 1.78 M GA. After 24 hours of incubation, supernatants were harvested and assayed for IL-2 levels as described in the text. Results are means Ϯ SD of 3 independent experiments performed in duplicate cultures.
Fig 4. Propidium iodide staining of stimulated T-cells. Peripheral lymphocytes (2 ϫ 10
6 cells/mL) were stimulated with the T-cell receptor (TCR) ⑀-specific mAb OKT3 at a final concentration of 5 g/mL in the absence (OKT) or the presence (OKTϩGA) of 1.78 M geldanamycin (GA). After 24 hours of incubation, cells were stained with propidium iodide and analyzed by flow cytometry as described in the text.
Analyzing the TCR-associated phosphotyrosine pattern, we found that OKT3 stimulation of J32 Jurkat cells caused increased tyrosine phosphorylation of protein substrates and/or increased association of phosphotyrosine-containing proteins coprecipitated with the TCR. The stimulation-induced change in the phosphotyrosine pattern was partially inhibited by pretreatment of T-cells with geldanamycin (data not shown). Geldanamycin pre- treatment of J32 cells did not result in any gross changes, however, in the phosphotyrosine pattern of the whole-cell lysates of resting cells (data not shown).
The Raf-MEK-ERK pathway plays an important role in mediation of the TCR signal (Szamel and Resch 1995; Cantrell 1996; Qian and Weiss 1997) . The Raf kinase itself is an important target of geldanamycin treatment, because the drug disrupts Hsp90-Raf complexes and promotes degradation of the kinase, which in turn impairs the EGF-induced MAP-kinase signaling pathway (Stancato et al 1997) . The OKT3-induced activation of Raf in J32 cells was detected by the reduction of electrophoretic mobility of the kinase because of its hyperphosphorylation. As a result of geldanamycin pretreatment, both the amount and the hyperphosphorylation of Raf-1 were markedly decreased (Fig 5B) . The change in Raf hyperphosphorylation supports the existence of an inhibition upstream of Raf-1. In light of these findings, it is not surprising that the signaling downstream of Raf-1 was also influenced, as indicated by a marked decrease in the total MEK activity of the lysates (Fig 5C) as well as by a decrease in ERK-2 hyperphosphorylation and mobility shift, which indicates inhibition of the MAP-kinase activity ( Fig  5D) . We observed similar degradation of Raf and inhibition of MEK activity after geldanamycin treatment in peripheral lymphocytes (data not shown). Despite the geldanamycin-induced Lck and Raf degradation, however, the ansamycin drug did not induce degradation of the ERK-2 kinase (Fig 5D) .
Geldanamycin inhibits IL-2 gene activation
To follow the signaling pathway from the TCR to the activation of the IL-2 gene, we used reporter gene constructs to monitor IL-2 gene promoter activity in Jurkat cells (Table 1) . As expected, pretreatment with geldanamycin significantly attenuated activation of the IL-2 gene in the construct containing the major enhancer/promoter region of the human IL-2 gene (pIL2LUC) as well as in Jurkat T-cells were transfected with constructs containing three times the distal NF-AT site of the IL-2 enhancer [p(NFAT) 2 LUC] and the 5Ј Ϫ326 to ϩ47 nontranslated region of the human IL-2 gene [pIL2LUC] coupled to luciferase, as described in Materials and Methods. Jurkat T-cells (2 ϫ 10 6 cells/mL) were stimulated with the TCR⑀-specific mAb, OKT3 (OKT), the CD28-specific antibody BW 828 (␣CD28), and PMA ϩ ionomycin at final concentrations of 5 g/mL, 2.5 g/mL, 1 ng/mL, and 0.5 g/mL, respectively, after preincubation for 4 hours in the presence or absence of 1.78 M of geldanamycin (GA). Luciferase activity of cellular extracts was determined as described in Materials and Methods. The activity (impulse/g protein) measured after the indicated stimuli without geldanamycin pretreatment were set to 100%. Data are expressed as mean Ϯ SD of 3 independent experiments. Jurkat T-cells (10 6 cells/mL) were stimulated with the TCR⑀-specific mAb, OKT3 (OKT), at final concentration of 5 g/mL, after a preincubation for 4 hours in the presence or absence of geldanamycin, or cyclosporin A at concentrations of 1.78 M, or 200 ng/mL, respectively. Cells were homogenized, subcellular fractions were prepared and lysophosphatide acyltransferase activity was determined as described in Materials and Methods. Data are expressed as mean Ϯ SD of triplicates.
the construct containing only the distal NF-AT site of the IL-2 enhancer (p[NFAT] 3 LUC).
Geldanamycin does not affect activation of lysophosphatide acyltransferase
To find a proximal and kinase-independent element of Tcell signaling, we analyzed the activation of lysophosphatide acyltransferase, a plasma membrane enzyme coupled to the TCR (Szamel et al 1986 (Szamel et al , 1989 (Szamel et al , 1993 (Table 2) . Geldanamycin did not affect activation of lysophosphatide acyltransferase after TCR stimulation. Cyclosporin A, however, caused a large inhibition of enzyme activation, which is in accordance with previous results (Szamel et al 1986 (Szamel et al , 1993 . In our present experiments, we have omitted the stimulation with PMA and ionomycin, because lysophosphatide acyltransferase can not be stimulated by these agents (Szamel et al 1986 (Szamel et al , 1989 (Szamel et al , 1993 , which shows that its coupling to the TCR is independent of protein kinase C.
DISCUSSION
The Hsp90-specific drug geldanamycin (Whitesell et al 1994; Stebbins et al 1997) inhibits nuclear hormone receptor-and EGF-induced signaling (Schulte et al 1996; Chen et al 1997; Czar et al 1997; Segnitz and Gehring 1997; Stancato et al 1997) . Similar to these effects, geldanamycin in our experiments blocked TCR-mediated cell proliferation, IL-2 receptor expression, and the signaling pathway leading to IL-2 gene activation and IL-2 secretion. Our results (including the inhibition of NF-AT activation after anti-CD28 antibody treatment) are in agreement with those of other studies showing inhibition of cell proliferation, IL-2 receptor expression, and IL-2 secretion after CD28 stimulation . The geldanamycin-induced inhibition of various signaling pathways was not a consequence of geldanamycin toxicity, because both trypan blue exclusion studies and propidium-iodide flow cytometric analysis indicated an overall cell death of less than 7% after geldanamycin treatment. Moreover, geldanamycin did not prevent the operation of all activation pathways, because it blocked neither the tyrosine phosphorylation of several molecules nor the elevation of lysophosphatide acyltransferase activity.
The primary targets of geldanamycin are the various tyrosine and serine/threonine kinases associated with Hsp90. Treatment with the drug induces the polyubiquitination and degradation of Raf-1 kinase or steroid receptors by the proteasome (Schulte et al 1997; Segnitz and Gehring 1997) . Geldanamycin-induced degradation seems to be a fairly general phenomenon, because it occurs after EGF (Stancato et al 1997) , glutamate (Xiao et al 1999) , steroid treatment (Czar et al 1997; Segnitz and Gehring 1997) , and T-cell activation. Among the kinases involved in T-cell activation, the degradation of Lck and Raf-1 was significantly enhanced after geldanamycin treatment in our studies. This kinase-targeted, facilitated degradation, however, did not affect all kinases involved in TCR signaling, because the total amount of the ZAP-70 and ERK-2 kinases did not change appreciably in the presence of the drug. This increased geldanamycin sensitivity of Lck and Raf-1 kinases is in good agreement with the results of previous in vitro (Hartson et al 1996) and in vivo (June et al 1990; Ohtsuka et al 1996; Czar et al 1997; Segnitz and Gehring 1997; Stancato et al 1997) studies on Lck or Raf-1 in other signaling systems using geldanamycin or the analogous ansamycin herbimycin A. During the preparation of this manuscript, Losiewicz et al (1999) published a report in which they used numerous tyrosine kinase inhibitors, including geldanamycin, to block the activation of E6-1 Jurkat cells. In contrast to our results, which were obtained after 12 hours of geldanamycin treatment, Losiewicz et al could not demonstrate a geldanamycin-induced inactivation of ERK-2 after 4 hours of incubation. The main differences in the experimental conditions (ie, an almost 20-fold lower concentration of geldanamycin, lack of serum starvation before stimulation, and analysis of ERK-2 activity instead of MEK assay after a more prolonged stimulation in Losiewicz et al) probably explain the difference in results. In our studies, after 4 hours of geldanamycin treatment, the depletion of Lck and Raf-1 kinases is significant, and the inhibition of MEK activity is approximately 30%-40% (data not shown). The degradation of Lck and Raf-1 kinases and the inhibition of the MAPK pathway, however, become much greater only after 12 hours of incubation (Fig 5) , and this progressive and rather prolonged action of geldanamycin gives further proof that it acts predominantly not as a direct tyrosine kinase inhibitor but as an agent interfering with kinase targeting by the disruption of kinase-chaperone complexes. In another recent, parallel study, the immunosuppressive effects of geldanamycin have been also demonstrated on enriched rat spleen T cells (Sugita et al 1999) , which is in agreement with our own results obtained using a human T-cell line and human peripheral blood lymphocytes.
Interestingly, our negative result showing the inability of geldanamycin to block activation of lysophosphatide acyltransferase after TCR stimulation provides indirect evidence that coupling of this plasma membrane enzyme to the TCR does not involve any Hsp90-related (and thus geldanamycin-sensitive) protein kinases, such as Raf or Lck.
Though geldanamycin has been developed as a member of the tyrosine kinase inhibitor ansamycins, such as the widely used herbimycin A, it does not directly inhibit kinases, such as the p60 src kinase (Uehara et al 1986) . Geldanamycin binds exclusively to members of the 90-kDa chaperone family, Hsp90, and its homologue in the endoplasmic reticulum, Grp94. Geldanamycin binding occurs with high affinity, and the drug-Hsp90 complex is fairly stable (Whitesell et al 1994; Stebbins et al 1997; Csermely et al 1998; Roe et al 1999) . The differential targeting of geldanamycin action compared with that of other, bona fide tyrosine kinase inhibitors might explain that geldanamycin-inhibited phorbol ester induced T-cell activation in contrast to previous results obtained with herbimycin A (June et al 1990; Tsubuki et al 1994) .
Our data suggest the involvement of Hsp90 in the antigen receptor signaling apparatus in T-cells, but what is the role of this abundant cytoplasmic chaperone in the signaling process? Our data are in agreement with the general view that assumes a role for Hsp90 as a ''docking protein'' for many (but not all) important kinases in TCR signaling, such as Lck and Raf. Hsp90 most probably stabilizes a metastable conformation of these proteins and keeps them in a ''signaling competent'' form until the stimulus arrives. Administration of geldanamycin induces premature disruption of this complex and leads to degradation of the respective kinases, most probably by the proteasome, which is a multifunctional protease complex of the cytoplasm known to be associated with Hsp90 (Tsubuki et al 1994; Wagner and Margolis 1995; Conconi et al 1996; Schnaider et al, unpublished observations) . Hsp90, however, may well be involved more in signaling than a mere ''folding relay'' of certain signaling molecules. Hsp90 contains a so-called immunoreceptor tyrosine-based inhibition motif sequence (the highly conserved motif in the N-terminal domain of Hsp90 IRYESL between amino acids 58-63 of human Hsp90␣ or 53-58 of human Hsp90␤; Gupta 1995; Vivier and Daëron 1997) , which suggests its direct involvement in the regulation of T-cell signaling complexes. On the other hand, the Hsp90-chaperone complex, which is associated with the microfilamental and microtubular network, might actually exist as a highly dynamic, flexible extension of these structures in the cytosol (Pratt 1997; Csermely et al 1998) similar to the microtrabecular lattice proposal of Wolosewick and Porter (1979) . Filament-bound chaperone structures might be involved in the (pre)organization and targeting of various signaling components, such as Lck and Raf-1 kinases in T-lymphocytes. The exploration of the dynamic meshwork involved in the spatiotemporal organization of signaling pathways is a challenging task for future research, in which chaperones may provide an excellent means to find the solution.
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